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direction of cardiac looping. The similarity of the cardiac and 
pulmonary phenotypes of Pitx2~ H and ActRIIBr': (ref. 17) indicates 
that Pitx2 is the critical downstream target of ActRIIB, a putative 
Nodal receptor, mediating effects on both cardiac positioning and 
pulmonary isomerism. The Pitx2 phenotype extends to tissues 
other than those affected by ActRlIB> indicating that Pitx2 gene 
activation may be controlled separately in these tissues. Pitx2 is 
thus, to our knowledge, the first transcription factor that can be 
considered to be a critical component in mediating the prolifera- 
tive/motility events of the lateral-plate mesoderm that underlie 
ventral body-wall closure and leftness* in lung patterning and 
organ placement, as well as serving critical later roles in 
organogenesis. O 

Methods 

Generation of Prtx2- knockout mice. 

Genomic clones encompassing the entire Pice? transcript were obtained from the 129/SvJ 
mouse genomic library (Stratagene). The 5' •arm is a 5.0-kilobase (kb) Ndel-NgoMl 
fragment bordering the DNA-binding domain and the 3'-arm is a 4.5-kb BarriH\-Sah 3'- 
end fragment that includes the entire 3' untranslated region. The region from the 
bomeodomain to the C-terminus of Pitx2 is replaced by the LacZ/neomycin sequences, 
driven by the Pitx2 promoter. R 1 embryonic stem cells were grown and selected with G4 1 8 
and ganciclovir, and Southern blot analysis was carried out using a 3'-extemal (1.6-kb) 
probe that hybridizes to a 8-1* Kpnl wild-type and a 6-kb KpnVBamHl recombinant 
band. We confirmed genotyping of heterozygotes and homozygotes using a 3'-internal 
(0.6-kb) probe thai recognizes a 3.6-kb Psil fragment in the wild-type and a 2.8-kb Pstl 
fragment in the recombinant alleles. 

In situ hybridization, whole-mount hybridization and LacZ staining. 

Isolation, fixation, and hybridization with J 'S-labelled antisense RNA probes and exposure 
were done as described 1 . For whole-mount in situ hybridization studies, embryos were 
briefly fixed in 4% paraformaldehyde followed by methanol and hydrogen peroxide 
washes and proteinase-K treatment as described 1 . All probes were as described 1 - 2 , or 
derived by PCR and sequenced. 
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Urotensin-II (U-II) is a vasoactive 'somatostatin-like* cyclic 
peptide which was originally isolated from fish spinal cords 1 - 2 , , 
and which has recently been cloned from man 3 . Here we ; 
describe the identification of an orphan human G-protein- ; 
coupled receptor homologous to rat GPR14 (refs 4, 5) and 
expressed predominantly in cardiovascular tissue, which func- 
tions as a U-II receptor. Goby and human U-II bind to recom- 
binant human GPR14 with high affinity, and the binding is 
functionally coupled to calcium mobilization. Human U-II is 
found within both vascular and cardiac tissue (including cor- 
onary atheroma) and effectively constricts isolated arteries from \ 
non-human primates. The potency of vasoconstriction of U-II is ; 
an order of magnitude greater than that of endothelin-1, making 
human U-II the most potent mammalian vasoconstrictor 
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identified so far. In vivo, human U-II markedly inqreases total 
peripheral resistance in anaesthetized non-human primates, a 
response associated with profound cardiac contractile dysfunc- 
tion. Furthermore, as U-II immunoreactivity is also found within 
central nervous system and endocrine tissues, it may have addi- 
tional activities. 

In an effort to identify novel G-protein-coupled receptors 
(GPCRs), we probed a human genomic library with rat GPR14 
(SENR) 4 * 5 , an orphan GPCR similar to somatostatin receptors. We 
isolated a 9-kilobase (kb) genomic clone which encoded a 389- 
residue human GPCR (75% identity to rat GPR14; Fig. 1). GPR14 
messenger RNA was most abundant in the heart and pancreas (no 
expression was detected in 15 discrete brain regions; see Supple- 
mentary Information); however, using quantitative polymerase 
chain reaction with reverse transcription (RT-PCR), low levels of 
transcript were detectable in thalamus, superior occipital gyrus and 
substantia nigra. Additional RT-PCR revealed expression in human 
cardiac (atria and ventricle) and arterial (aorta) tissue, endothelial 
(coronary artery and umbilical vein) cells and smooth muscle 
(coronary artery and aortic) cell lines, but not in vena cava nor in 
a venous (renal vein) smooth muscle cell line. 

Human GPR14 was subcloned into a mammalian expression 
vector and transfected into HEK-293 cells. In a 'reverse pharmaco- 
logical approach' 6 * 7 , the cells were used to search for a ligand 
activating GPR14 using a calcium- mobilization assay. Using a 
fluorescent imaging plate reader (FLIPR), transiently transfected 
cells were exposed to over 700 known and putative GPCR agonists. 
We detected a robust calcium- mobilization response in cells trans- 
fected with either rat or human GPR14 only upon challenge with 
goby U-II (effector concentration for half maximum response 
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(EC56) of 0:78 ± 018 and 0.47 ± 0.14 nM, respectively; Fig. 2a). j 
This response was highly selective for goby U-II and was not i 
induced by any. of the other ligands we tested. Cells transfected j 
with expression vector alone, or vectors encoding other orphan ; 
GPCRs such as GPR7 or GPR8, which are also homologous to the j 
somatostatin receptors*, did not respond to goby U-II. j 
A human GPCR that selectively responded to a non-mammalian j 
neuropeptide indicated the possible existence of a human ortholo- j 
gue. A search of GenBank using the carp U-II sequence 9 yielded a j 
match to a human expressed sequence tag (EST) with 25% identity j 
to the fish sequence. Using this EST, we isolated a 688-base pair (bp) 
complementary DNA encoding human U-II (Fig. 3). The deduced 
propeptide sequence contained an ammo-terminal signal sequence 
(cleaved at residue 17) and three putative polybasic proteolytic 
cleavage sites (Fig. 3), but varied at the amino terminus from the 
human U-II propeptide described subsequently in ref. 3, probably 
as a result of alternative splicing. The mature sequence (ETPDCFW- 
KYCV) was identical to human U-II (ref. 3), and it retained the 
cyclic hexapeptide sequence (CFWKYC) that is absolutely con- 
served across species 1,2 . Expression of the U-II transcript was 
restricted to the spinal cord and medulla oblongata (see Supple- 
mentary Information), consistent with previous reports in fish, 
frogs and humans 1 " 3 . 

Human U-II induced concentration-dependent increases in 
intracellular calcium in a HEK-293 cell line expressing human 
GPR14 (EC 50 = 0.62 ±0.17 nM, n = 6; Fig. 2b). 125 I-labelled 
goby U-II bound saturably and with high affinity to membranes 
prepared from these cells (Fig. 2c; JC d = 0.43 ± 0.01 nM; 
B mai = 447 ± 58fmolmg~ 1 protein; n = 3). Goby and human U- 
II" 1 " displaced the radioligand with comparable affinities 
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Figure 1 Alignment of rat (r) and human (h) GPR1 4 polypeptide sequences. Trie predicted 
seven transmembrane (TM) spanning regions are shaded and potential N-linked 
giycosylation sites are circles. GenBank accession number of human GPR14 is 
API 40631. 



Rgure 2 GPR1 4 is a U-II receptor, a, Goby LMl-induced Ca 2 " -mobilization (FLIPR) in HEK- 
293 cells transiently transfected with rat (filled squares; or human GPR14 (open squares;, 
b, Ca 2 '-mobilization response to human U-II in clonal HEK-293 ceil lines stably 
transfected with human GPR14. c, Saturation binding isotherm for ^-labelled gc-Dy U-li 
in cell membranes from HEK-293 cells stably transfected with human GPR14 (inset, 
Scatchard analysis), d, Competition binding curves for human (filled squares) and goby I* 
II (open squares) with human GPR14. 
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: Figure 3 Nucleotide and deduced peptide sequence of human U-ll propeptide cONA. 
. Putative poiybasic cleavage sites are shown in bold and underlined. The putative mature 
human U-ti is shown in italics. GenBank accession number is AF1 40630. 



Table 1 Relative contractile potency of human U-ll in non-human primates 



Human jrotensin-ll 


Endothelin-1 


Relative 
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15 


9.56 ± 0.05 
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n.d. 




S.06 - 0.22 
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<7.00 


7.00 3 0.77 
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8.88 = 0.21 
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(K-. - 2.06 ± 0.29 and 1.99 ± 0.23 nM, respectively; Fig. 2d). Hill 
coefficients for goby and human U-II approximated to unity 
(«,. = 0.8 ± 0.1 and 0.9 ± 0.1, respeaively), indicative of inter- 
actions with a single, homogeneous population of binding sites. 
Binding sites for fish U-II are found in rat arterial membranes, 
although receptor density is extremely low (2-20fmolmg 1 
protein"'). We have made similar observations in rat cardiac 
membranes (K d = 0.35 nM; B nux = 3.8 fmolmg" 1 protein). 
Although U-II and somatostatin are structurally similar 11 , human 
GPR14 functioned as a U- II -selective receptor: 1 jxM concentra- 
tions of somatostatin; ^u), urotensin-I, vasopressin, angiotensin-^ 
MCH, salmon calcitonin and NPY did not compete for binding; 
neither did they stimulate calcium mobilization in HEK-293 cells 
expressing human GPR14. 

immunohistochemical evaluation of monkey and human tissue 
showed (see Supplementary Information) that the vasculature 
contained U-II-like immunoreactivity. Diffuse immunostaining 
was observed in human cardiomyocytes and coronary atherosclero- 

: tic plaque, where the staining was intense within the lipid-laden 
smooth muscle/ macrophage- rich regions. We noted additional 

'. immunoreactivity within spinal cord ventral horn motor neurons 
and acinar cells lining the thyroid follicles. 

Human and goby U-ll induced potent and efficacious contrac- 
tions -in the isolated thoracic aorta of rat ( - log[EC v >] = 
9.09 - 0.19, ?i =13; - lqgfEC w ] = ^.22 ± 0.18, n = 15, respec- 
tivelv; Fig. vJ>. Human U-H was significantly more potent 
{P < 0.000 thancndothelin-1 (ET-1), noradrenaline and serotonin 
( - logfEGJ = 7.90 0.1 1, 7.58 ±0.11 and 6.27 = 0.12, respec- 
iivel"yr« = 1 1, 13 and 4, respectively; Fig. 4a). Thus, U-ll is the most 
potent human vasoconstrictor peptide identified so far (16-told 



Figure 4 Human U-ll is a potent vasoconstrictor, a. Concentration-dependent contraction 
of rat isolated aorta by human U-ll (filled squares; n = 13), ET-1 (open squares; n = 11), 
noradrenaline (filed circles; n = 13) and serotonin (open circles; n = A), b, Trace 
-showing concentration-dependent contraction of the primate isolated aorta by human U-ll 
(filled triangles). Responses to standard concentrations of KCI (filled square) and 
noradrenaline (open triangle) are shown (successful endothelial denudation is shown by 
the lack of carbachol-induced vasodilation; open square), c. Concentration -dependent 
contraction of the cynomolgus monkey isolated coronary artery (n = 4) in response to 
human U-il (filled squares), ET-1 (open squares) and serotonin (open circles). 



more potent than ET- 1 in rat). 

The vasoconstrictor activity of human U-II was limited to the 
thoracic aorta in rat: abdominal aorta or femoral and renal arteries 
did not contract (radioligand binding sites were undetectable in 
vessels distal to the aortic arch) 10 . Consequently, U-II lacks systemic 
pressor activity in anaesthetized rats upon intravenous (i.v.) 
administration ,:,u . In contrast, however, human U-II caused con- 
traction in all non-human primate arterial vessels studied, including 
both elastic and muscular arteries (Fig. 4b, c). EC^ values were 
subnanomolar, making human U-II 6-28-fold more potent than 
ET-1 (Table I). Unlike ET-1, however, the contractile actions were 
restricted to the arterial side of the vasculature, consistent with the 
differential expression of human GPR14 determined by PCR. Thus, 
the contractile profile of U-II is species-dependent and U-II exhibits 
an 'anatomically diverse contractile profile in the arterial vascula- 
ture of the primate. 

following this striking in vitro profile, we carried out haemody- 
namic evaluation in anaesthetized monkeys. Systemic administra- 
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Figure 5 Human U-ll produces cardiovascular dysfunction in the anaesthetized monkey, 
a, Fatal circulatory collapse (precipitous fails in systemic pressure and regional flows) 
induced by bolus i.v. human U-li. Alterations in cardiac output (CO) (b), heart rate {HR, 
open circles) and stroke volume (SV, filled circles) (c), myocardial contractility (dP/d$ 
(d), mean arterial pressure (MAP) (e), total peripheral resistance $PR) (f) and left 
ventricular end diastolic pressure (LVEDP) (g). - ( p < 0.05 relative to vehicle [n = 5). 
h, M-mode echocardiographic images of the left ventricle before and 7 min after 
1 00 pmol kg"" 1 , i.v. human U-H show severe attenuation of septa! (SW) and free wall (FWj 
motion. 



tiorv.of human U-II elicited a complex dose-dependent haemp- 
dynamic resonse that culminated in severe myocardial depression 
and fatal "circulatory collapse (Fig. 5a). Unusually, a 300 pmol kg" 1 
dose of U-II, which induces a 300% increase in total peripheral 
resistance (indicative of systemic vasoconstriction), did. not cause 
concomitant systemic hypertension. The ability of U-II to induce 
marked systemic vasoconstriction while also causing catastrophic 
myocardial contractile dysfunction (for example, 80% decrease in j 
dLP/dr and stroke volume) differentiates it from other peptides j 
such as ET-1 and angiotensin-II. For example, 1 nmol kg" 1 ET-1 j 
i.v. (sufficient to elevate total peripheral resistance) is accompa- j 
nied, not by cardiovascular collapse and systemic hypotension, but ! 
rather by a sustained (^lh) 60mmHg increase in arterial j 
pressure 14 . 

The primate responses were clearly different from those reported ; 
in rats 12,13 . At doses OOpmolkg" 1 i.v., human U-II slightly j 
increased cardiac output and reduced regional vascular resistance, i 
with little or no change in arterial blood pressure. In contrast, at : 
doses >30pmolkg~\ human U-II decreased myocardial function ; 
and increased vascular resistance. Haemodynamic and echocardio- j 
graphic analysis demonstrated a dose-dependent reduction in j 
cardiac output (Fig. 5b), the result of mild bradycardia and severely | 
attenuated stroke volume (Fig. 5c). Myocardial contractility was j 
severely depressed, as seen by reductions in dP/dr (Fig. 5d). Despite j 
a marked decrease in cardiac output, sub-lethal doses reduced j 
mean arterial pressure only moderately (Fig. 5e) because of a ; 
threefold increase in total peripheral resistance (Fig. 5f)- Decreases 
in regional blood flows and a dose-dependent increase in left 
ventricular end diastolic pressure (Fig. 5g) indicated systemic 
vasoconstriction. The severe loss of myocardial contractility was 
shown by M-mode echocardiography (Fig. 5h) in which grossly 
attenuated septal and free-wall motion was evident (ultimately, this 
effect was terminal at doses ranging from 100-3,000 pmol kg -1 ). 
Systemic human U-II administration produced ST segment 
changes in the electrocardiogram typical of those seen during 
myocardial ischaemia. 

In summary, we have isolated a human GPCR that exhibits the 
pharmacological characteristics of a U-II receptor. Cells expressing 
this receptor exhibit high-affinity binding sites for, and respond to, 
both goby and human U-II. Furthermore, we have demonstrated 
that U-ll is the most potent vasoconstrictor identified so far. 
Systemic administration is associated with profound cardiovascular 
collapse. As human U-II-like immunoreactivity is found within 
cardiac and vascular tissue (including coronary atheroma), this 
peptide may influence cardiovascular homeostasis and pathology 
(for example, in ischaemic heart disease and congestive heart 
failure). Finally, the detection of immunoreactivity within spinal 
cord and thyroid tissue raises the possibility that U-ll may also 
influence central nervous system and endocrine function in 
man. □ 



Methods 
Cloning 

A human genomic placental libra:y (Stratagene) was screened with a K P-labeIled 1.2-kb 
PCR-derived clone encoding rat GPR14 (ref. 4), and we identified a positive phage 
plaque. Two kilobases of insert was sequenced and determined to be homologous to rat 
GPR14. Human GPRI4 was isolated by PCR and subcloncd into pCDN (ref. 15). HBK- 
293 cells were transiently or stably transfected using Lipofectamine Plus (Life 
Technologies). Using the published fish cDNA sequence*, a search of the GcnEMBL EST 
database identified a human cDNA (AA555543) encoding a putative U-II orthoiogue. 
After, 5'-rapid amplification of cDNA ends (RACE) (placenta and Raji Marathon Ready 
cDN As; Clontech), we sequenced and subcloncd the resultant products into pCK2. 1 
(Invitrogen). 

Peptide synthesis 

Human U-II peptidyl resin was synthesized (Milipore/Biosearch 9600 synthesizer), 
cleaved and de-protected before purification by reverse-phase HPLC 1 *. Ail other peptides 
were from Bachem. 
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J ; Calcium mobilization 

! We used a microdrre-phre-boi^ coldum-mobilization FLIPR assay, as described 

i pre\-iously ::> . for the functional identification of tigands that activate HEK-293 cells 

j expressing recombinant GPR1 4. Ligands we tested included micromolar concentrations of 

! all known mammalian neuropeptides and 2:10 jiuM concentrations of all known steroid, 

i lipid and amine transmitters- 

! Radioligand binding 

. Membranes rrom HEK-293 cells stably transiected with human GPR14 were pre-coupied 
j to wheatgemvagglutinin-coated SPA beads (Amersham). Using mono-iodinated goby U- 

II relabelled Tyr 10 , chloramine X 2000 Ci mmo!" 1 ; 5 mM MgC^ 0.1% BSA, 20 mM 
'. Tris-HG pH 7.4, 25 u-g protein; 25*0), equilibrium binding was measured in 96- well 
I plates ( Wallac) after 45 min :i . Non-specific binding, determined using 1 u-M unlabelled U- 
: II. was - 10% of total binding. There was no specific binding to mock-transtected HEK- 
293 membranes. We determined protein using biochonic acid (Pierce). Kinetic analysis 
was by nonlinear least square fitting (GraphPad). 

; isolated blood vessel studies 

" Isolated arterial rings from male Sprague-Dawiey rats (400 g) and cynomolgus monkeys 
{Macaco fasdculans) (5 kg) were suspended in organ baths containing Krebs (37 "C; 95% 
0 : ; 5% CO : ) iJ . Changes in isometric force were recorded under optimal resting tension. 
Cumulative agonist concentration- response curves were normalized to 60 mM KG or 
1 u.M noradrenaline and fitted to a logistic equation 1 *. Unless stated otherwise, responses 

- were measured in the presence of 10 u.M indomethacin using vessels denuded by rubbing 
(connrmed as a loss of dilator response to \0uM carbachol). 

Haemodynamics and echocardiography 

: All procedures were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals (DHSS publication NIH 85-23). Adult male cynomolgus monkeys 
(5-7 kg) were treated with atropine sulphate (25 ixg kg" 1 subcutaneous) and anaesthetized 
with ketamine v 10 mg kg" 1 intramuscular). After endotracheal intubation, anaesthesia was 
maintained with 1-3% isoilurane. We prepared the animals for monitoring of systemic 
haemodynamics. Echocardiography (Doppler, M-mode and 2-D, ATL5000) was carried 
out at 2-3 min intervals. Vehicle administration {0.9% NaCl) was followed by the 
cumulative administration of human U-II. 

Statistics 

Values are expressed as mean T s.e.m. n is the number of individual observations made in 
, u particular group. Statistical comparisons were made by one-way analysis of variance 
(Fisher's protected least-squares difference) and differences considered significant where 

p < 0.05. 
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A fundamental question in cell biology is how membrane proteins j 
are sorted in the endocytic pathway. The sorting of internalized j 
p2-adrenergic receptors between recycling endosomes and lyso- 
somes is responsible for opposite effects on signal transduction 
and is regulated by physiological stimuli 1 * 2 . Here we describe a 
mechanism that controls this sorting operation, which is 
mediated by a family of conserved protein-interaction modules 
called PDZ domains 3 . The phosphoprotein EBP50 (for ezrin- 
radixin-moesin(ERM) -binding phosphoprotein-50) 4 binds to the 
cytoplasmic tail of the (^-adrenergic receptor through a PDZ 
domain and to the cortical actin cytoskeleton through an ERM- 
binding domain. Disrupting the interaction of EBP50 with either 
domain or depolymerization of the actin cytoskeleton itself causes 
missorting of endocytosed £2-adrehergic receptors but does not 
affect the recycling of transferrin receptors. A serine residue at 
position 41 1 in the tail of the p2-adrenergic receptor is a substrate 
for phosphorylation by GRK-5 (for G-protein-coupIed-receptor 
kinase-5) (ref. 5) and is required for interaction with EBP50 and 
for proper recycling of the receptor. Our results identify a new 
role for PDZ-domain-mediated protein interactions and for the 
actin cytoskeleton in endocytic sorting, and suggest a mechanism 
by which GRK-mediated phosphorylation could regulate mem- 
brane trafficking of G-protein-coupled receptors after endo- 
cytosis, 
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